Abstract-In order to realize the active control of fiveDegrees of Freedom (5-DOF) of the rotation part, a novel conical bearingless switched reluctance motor (BLSRM) is proposed in this paper. Unlike conventional BLSRMs, the proposed structure is composed of two conical 12/14 BLSRMs, and each conical type adopts hybrid stator poles with short flux paths. Therefore, the proposed structure has naturally decoupled characteristics between the torque and suspending force, which may reduce the control difficulty of the BLSRM. In addition, the proposed structure could control the radial and axial positions of the rotor simultaneously due to the conical structure, thereby completely realizing the selfsuspension of the rotor. To verify the proposed structure, finite element method (FEM) is employed to get the characteristics of the proposed structure. Finally, the validity of the proposed structure is verified by the analysis results.
I. INTRODUCTION
A switched reluctance motor (SRM) is a double-salient and single-excited motor, in which windings are only located on the stator and no windings or permanent magnets (PMs) are located on the rotor. These mechanical structures allow SRMs many advantageous characteristics, including the following: good fault tolerance, robustness, low cost and applicability in harsh environments, such as high temperatures or high speeds [1] - [7] . With these advantages, SRMs have been treated as good candidates for many automotive and aerospace applications. However, traditional mechanical bearings are required to bear the shaft of the machine, which may arise many problems. For instance, mechanical bearing can cause increased frictional drag, thermal problems and heavy wear in high-speed motors, which leads to not only reduced efficiency of the machine and decreased service life of the bearings, but also increased maintenance for the machine. In addition, the lubrication oil that is required by mechanical bearings cannot be used in high vacuum, ultra-high temperature and low temperature environments [8] - [9] . Due to the above problems caused by the mechanical bearing, bearingless motors are paid more attentions.
Bearingless switched reluctance motor (BLSRM) is developed on the basis of magnetic bearing motor and SRM. BLSRM not only extends theory and application of the bearingless motor, but also inherits high-speed performance and adaptability to harsh environment of SRM. Recently, several structures of BLSRMs have been proposed [10] - [19] , such as 12/8 double winding type, 12/8 single winding type, 8/6 single winding type, and Morrison rotor type. However, in the above motor types, the torque control is coupled with suspending force control, so the regions of torque and suspending force cannot be fully utilized. An operating point has to be selected to compromise between the torque and suspending force. In order to improve the torque and suspending force performance in the aforementioned BLSRMs, hybrid magnetic structures of BLSRMs which have 8/10 [6] , 12/14 [20] - [21] and double stators [22] are put forward. Unlike the above BLSRMs, these BLSRMs have separated torque stator poles and force stator poles, which may reduce the control difficulty of the BLSRM. Although all the BLSRMs presented above realize the stable suspension of the rotor, they only achieve two-Degrees of Freedom (2-DOF) suspension. As is well known, to stably suspend the rotor of a BLSRM, 5-DOF suspension is required, so it is necessary to adopt corresponding magnetic bearing. However, the magnetic bearings only play a supporting role and do not provide output power. This may lead to many defects, such as increased consumption, reduced the overall efficiency of the system, and increased the axial length of the rotor which limits the rotor critical speed.
In this paper, a novel 12/14 BLSRM that could realize the suspension of the rotating part without magnetic bearings is proposed. Unlike conventional BLSRMs, the proposed structure is comprised of two conical BLSRMs with the same structures. Each conical BLSRM adopts hybrid stator poles with short flux paths. Compared with conventional BLSRMs, the proposed structure not only has decoupled torque and suspending force control characteristics, but also could control the radial and axial suspending force simultaneously, thereby realizing the suspension of the rotating part by itself. To verify the proposed structure, the characteristics of the proposed BLSRM is analyzed by the finite element method (FEM). Meanwhile, the simulation results are present and analyzed to verify the effectiveness of the proposed structure.
II. CONCEPT OF CONVENTIONAL 12/14 AND PROPOSED BLSRM
A. Conventional 12/14 BLSRM Fig. 1 shows the structure of conventional 12/14 BLSRM. The motor has twelve stator poles and fourteen rotor poles. The stator has two types of stator poles: torque and suspending force poles. The torque poles are used to generate torque; the suspending force poles are used to generate suspending force. Windings on the torque poles PA1, PA2, PA3 and PA4 are connected in series to construct phase A, and windings on the torque poles PB1, PB2, PB3 and PB4 are connected in series to construct phase B. Windings on the suspending force poles Pxp, Pxn, Pyp and Pyn are independently controlled to generate the radial force in the xand y-directions, respectively. That is, the current ixp in the Pxp stator pole generates positive x-direction suspending force, and the current ixn in the Pxn stator pole generates the negative x-direction suspending force. Similarly, the suspending forces for the y-direction are generated by the currents iyp and iyn, which flow in the windings on the suspending force poles Pyp and Pyn, respectively. The rotor adopts conventional salient structure with the rotor poles uniformly distributed along on the circumference surface.
Due to the hybrid stator poles structure, the flux paths are short, and there is no flux reversal in the stator yoke of the conventional 12/14 BLSRM. In addition, the produced suspending force has excellent linearity according to rotor position and independent characteristics of the torque. This is because the suspending force pole arc is deliberately selected not to be less than one rotor pole pitch. In that way, the overlap area of the suspending force pole and rotor pole is always the same. 
B. Proposed BLSRM
In general, conventional BLSRMs need to work with magnetic bearings to realize the active control of 5-DOF of the rotating part. In this paper, a novel 12/14 BLSRM is proposed to realize the suspension of the rotating part without magnetic bearings, as shown in Fig. 2 . The proposed BLSRM is comprised of two conical BLSRMs with the same structures. For the stator of each conical BLSRM, the stator poles distribution and the windings arrangement are the same as that of stator of the conventional 12/14 BLSRM. For the rotor of each conical BLSRM, it is also similar to that of the conventional 12/14 type. However, it should be noted that the top or bottom surface of the rotor of the two conical BLSRMs should be placed opposite to keep the symmetry of the whole structure, and the stator of the two conical BLSRMs should be assembled according to the structure of the rotor. 
between phase A and A', they could be connected in series or parallel which depends on different application requirements. For phase B and B', the windings connections are always the same as those of phase A and A'.
In addition, similar to the conventional 12/14 BLSRM, all the suspending force windings on the suspending force poles of the proposed BLSRM are independent controlled to generate the radial and axial suspending force in the x-, yand z-direction, respectively. That is, with proper control of the current values in the suspending force windings, the desired resultant force in arbitrary direction and magnitude could be achieved to compensate the unbalanced pull force caused by the non-uniform air-gap, thereby realizing the suspension of the rotating part. 
III. CHARACTERISTICS ANALYSIS OF THE PROPSOED BLSRM
In order to verify the validity of the proposed BLSRM, FEM is employed to get the characteristics of the proposed BLSRM, including inductance, torque and suspending force characteristics. For saving time, according to the symmetry between the two conical BLSRMs, only one conical BLSRM is modeled and simulated as shown in Fig. 4 . TABLE I gives the specifications of the proposed conical BLSRM.
A. Inductance Characteristics
As is generally known, the inductance is one of the most important parameters in an SRM. Through the inductance, it could be qualitatively estimated the saturation and output torque of a motor. This rules also apply to a BLSRM. Fig . 5 and 6 show the inductance profiles of the torque and suspending force windings in the proposed BLSRM, respectively. The initial rotor position of the proposed BLSRM is defined at the aligned position. It can be seen from the figures that the inductance in both windings is decreased with the increasing current, especially the inductance at aligned position in the torque windings, which is caused by the core saturation effect. Furthermore, it can be seen from the figures that the inductance of the torque windings changes obviously with the rotor position, while it changes very slightly for different rotor positions with the same phase current in the suspending force windings. This is because the overlap area between the rotor and torque poles is a function of rotor position, but it is constant between the rotor and suspending force poles. It could be owed to the special design of the hybrid stator poles, in which the pole arc of the suspending force pole is deliberately selected to be not smaller than one rotor pole pitch.
B. Torque Characteristics
A switched reluctance motor is one in which the torque is produced by the tendency of its moveable part to move to a position where the inductance of the excited winding is maximized. Hence, the torque of a switched reluctance motor, which is related to the rotor position and phase current, can be written here as, in which, T is the torque of the motor, i is the phase current, L is the phase inductance, and is the rotor position. As shown in (1), the torque is proportional to the square of the current and the rate of change of the inductance with respect to rotor position. Therefore, the torque of an SRM is independent of the polarity of the phase current and is only determined by the inductance profiles. Figs. 7 and 8 show the torque profiles of the torque and suspending force windings, respectively. It can be seen from the figures that the torque is mainly generated by the torque windings. The reason has been explained in the above section. Fig. 9 shows the suspending force profiles of the torque windings. Due to the symmetry of the flux paths in the radial direction, the suspending force in the x-and y-direction is almost zero. Although the suspending force in the z-direction is increased with the increasing current, which is caused by the conical structure, it can be explained as follow. In this simulation, only one conical BLSRM is modeled and simulated for saving time, so the flux paths in the z-direction is asymmetric, resulting in the large suspending force. In practice, the rotor of the proposed BLSRM is composed of two conical rotors, and they would be placed symmetrically along on the axial direction, so the suspending force generated in the z-direction will be counteracted by each other. Fig . 10 shows the suspending force profiles of the suspending force windings. In the simulation, the suspending force windings on the stator pole Pyp is excited. As seen in the figure, the suspending forces in the x-, y-and z-directions are increased with the increased current. As the rotor position is varied while the current is kept constant, the change in the suspending force in the x-direction is negligible when compared to the suspending force in the y-direction. Also, the suspending force in the y-direction, which is much larger, is nearly constant. For the suspending force in the zdirection, it has been explained in the above paragraph.
C. Suspending Force Characteristics
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D. Decoupling Characteristics
As is well known, the torque and suspending force windings are always excited simultaneously in the BLSRMs. Fig. 11 shows the torque profiles with fixed torque current 2A and various suspending force current. The effect of suspending force current on the torque is very small. It is because that the inductance of the suspending force windings is almost constant with respect to rotor position. Accordingly, the rate of change of the inductance with respect to rotor position is very small. Therefore, the suspending force current has almost no effect on the torque, which means that torque control could be decoupled from suspending force control. Fig. 12 shows the suspending force profiles with fixed suspending force current 2A and various torque currents. The effect of torque current on the suspending force in the x-and y-direction is small enough to be ignored when compared to the suspending force generated by the suspending force winding. Furthermore, the suspending force in the z-direction will be counteracted in the real motor due to the symmetry of the whole structure as presented above. That is, the torque current has almost no effect on the suspending force.
Through the above analysis, it could be found that the proposed BLSRM still keeps the decoupling characteristics of the conventional 12/14 BLSRM.
IV. CONCLUSIONS
In this paper, a novel 12/14 conical BLSRM is proposed. The structure and operate principle of the proposed structure is illustrated in detail. Meanwhile, the characteristics of the proposed structure, such as inductance, torque and suspending force profiles are analyzed. The analysis results show that the proposed BLSRM not only inherits the advantages of the conventional 12/14 BLSRM, but also has active axial position control capacity, which verifies the validity of the proposed motor.
